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ABSTRACT
We analyse the results of an Eulerian AMR cosmological simulation in order to quantify the
mass growth of galaxy clusters, exploring the differences between dark matter and baryons.
We have determined the mass assembly histories (MAHs) of each of the mass components and
computed several proxies for the instantaneous mass accretion rate (MAR). The mass growth
of both components is clearly dominated by the contribution of major mergers, but high MARs
can also occur during smooth accretion periods. We explored the correlations between MARs,
merger events and clusters’ environments, finding the mean densities in 1 6 r/R200m 6 1.5
to correlate strongly with Γ200m in massive clusters which undergo major mergers through
their MAH. From the study of the dark matter velocity profiles, we find a strong anticorre-
lation between the MAR proxies Γ200m and α200m. Last, we present a novel approach to
study the angularly-resolved distribution of gas accretion flows in simulations, which allows
to extract and interpret the main contributions to the accretion picture and to assess systematic
differences between the thermodynamical properties of each of these contributions using mul-
tipolar analysis. We have preliminarily applied the method to the best numerically-resolved
cluster in our simulation. Amongst the most remarkable results, we find that the gas infalling
through the cosmic filaments has systematically lower entropy compared to the isotropic com-
ponent, but we do not find a clear distinction in temperature.
Key words: hydrodynamics - accretion - methods: numerical - galaxies: clusters: general -
large-scale structure of Universe
1 INTRODUCTION
Galaxy clusters, as the largest and most massive virialised struc-
tures in the Universe, are essential pieces, both, for constraining the
cosmological parameters and testing the cosmological model and
for improving our understanding of structure formation and evolu-
tion on galactic scales (Allen et al. 2011). A precise understanding
of the physics of galaxy clusters, with special focus on the bary-
onic component, is of utmost importance for these purposes (see,
for instance, Kravtsov & Borgani 2012 and Planelles et al. 2015 for
general reviews on galaxy cluster formation).
In particular, the outskirts of galaxy clusters are dynamically
active regions, where the infall of baryons and dark matter (DM)
feeds the cluster, giving rise to rather complex physical processes of
the gaseous component, such as bulk motions, turbulence, clump-
ing, etc. (see Walker et al. 2019 for a recent review, and refer-
ences therein). The mass growth of cluster-sized DM haloes and
their baryonic counterparts is usually split into two contributions,
namely mergers and smooth accretion. Merger events have already
been studied as a source of energetic feedback to the intracluster
medium (ICM; e.g., Planelles & Quilis 2009), introducing devia-
tions with respect to the X-ray (Markevitch et al. 2001; Nagai et al.
2007) and Sunyaev-Zel’dovich (SZ; Yu et al. 2015) scaling rela-
tions and, thus, potentially biasing mass estimations (see Pratt et al.
2019 for a recent review). As for mass accretion flows, we briefly
review the current observational and numerical state of affairs in
the following paragraphs.
Gas bulk velocities (along the line of sight) can be directly
measured from X-ray line shifts for a small number of nearby clus-
ters (e.g., Tamura et al. 2011, who used Suzaku data to constrain
the bulk motions in Abell 2256). Recently, Sanders et al. (2020)
have used XMM-Newton to map the bulk ICM flows in Perseus and
Coma clusters. However, these measurements are still restricted to
the central regions of clusters, where enough X-ray photons can be
collected. The increased sensitivity of ongoing (e.g., eROSITA1)
and planned (e.g., ATHENA2) facilities will likely extend the X-ray
observations to outer regions, thus being able to probe the dynamics
of gas in cluster outskirts.
Gas motions can also be inferred from microwave observa-
tions through the kinetic SZ (kSZ) effect. Recently, Adam et al.
1 https://www.mpe.mpg.de/eROSITA/
2 https://www.the-athena-x-ray-observatory.eu/
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(2017) obtained the first resolved map of kSZ in a galaxy cluster.
Future, high-resolution kSZ observations will likely provide strong
constraints on the dynamics in the outskirts of the ICM. We refer
the interested reader to Simionescu et al. (2019) for an extensive re-
view on the possibilities of ICM velocity measurements with X-ray
and kSZ.
On the other hand, accretion onto galaxy clusters has been
triggering increasing attention in the numerical cosmology com-
munity, especially during the last 5 years. For the dark component,
Diemer & Kravtsov (2014) found a sharp drop in DM density pro-
files, corresponding to the so-called “splashback” radius, which is
generated by recently accreted DM particles in their first apocen-
tric passage, as shown in analytical works by Adhikari et al. (2014)
and Shi (2016a). Further works by More et al. (2015), Diemer
et al. (2017) and Mansfield et al. (2017) have analysed the relation
between the splashback radius and mass accretion rates (MAR),
showing that faster accreting DM haloes have generally smaller
splashback radii. Chen et al. (2020) have used statistical tech-
niques to reduce the dimensionality of the mass assembly histories
(MAHs) of DM haloes, finding correlations with halo concentra-
tions and other parameters.
Similarly, several works have studied the imprint of mass ac-
cretion onto the ICM. In particular, Lau et al. (2015) have found
that the radial profiles of thermodynamical quantities of the ICM
(pressure, entropy, temperature, etc.) depend on the MAR. It has
been further shown that faster accreting clusters tend to have
smaller accretion shock radii (Lau et al. 2015; Shi 2016b), higher
ellipticities (Chen et al. 2019; see also Lau et al. 2020, who ex-
plore the connection between DM haloes triaxial shapes and several
formation history parameters) and more negative residuals with re-
spect to the TX−M relation (Chen et al. 2019). Several works have
also reported that dynamically disturbed systems display larger hy-
drostatic mass biases and higher levels of gas clumping in outer
cluster regions (see, e.g., Biffi et al. 2016 and Planelles et al. 2017,
respectively).
It has been seen in N -Body simulations that mergers occur
primarily through the filament connecting the cluster with its near-
est massive neighbour, which is in turn aligned with the major axis
of the cluster (e.g., Lee & Evrard 2007; Lee et al. 2008). However,
the accretion pattern of the gaseous component has not yet been
extensively covered in the literature.
In this paper, we examine a small sample of clusters from a
hydrodynamical, Eulerian AMR cosmological simulation includ-
ing cooling and heating, star formation and supernova feedback.
The main aim has been studying and characterising the accretion
processes on these clusters, paying special attention to the gaseous
component. In that sense, we have characterised their MAHs and
computed several proxies for the instantaneous MAR (namely,
Γ200m and α200m; see their definitions in Sec. 3.1 and 3.4.1, re-
spectively), their relation to clusters’ environments and merging
histories, and the imprint of accretion on the radial density pro-
files for massive clusters and for low-mass clusters or groups,
highlighting the differences between these two classes. Besides,
the angularly-resolved distribution of gas accretion flows has been
quantified by means of a simple algorithm proposed in this work.
Using multipolar analysis, we have been able to extract the main
contributions to the accretion picture and to quantify the differences
in their thermodynamical quantities.
The manuscript is organised as follows. In Sec. 2, we present
the numerical details about the simulation and the cluster sample.
In Sec. 3, we study and compare several MAR definitions and re-
late them to the merging history and surrounding densities, while in
Sec. 4 we present a novel method to evaluate and represent the an-
gular distribution of mass accretion flows. We summarise our main
findings and conclusions in Sec. 5. Appendices A and B discuss
in more detail some technical issues regarding the symmetric log-
arithmic scale, used in some representations in this paper, and the
real spherical harmonic basis.
2 THE SIMULATION
In this section, the details of the simulation we analyse and the
cluster sample extracted from it are briefly covered. The simulation
has already been employed in previous works (e.g., Quilis et al.
2017; Planelles et al. 2018).
2.1 Simulation setup
The results presented in this paper correspond to the outputs of
a cosmological simulation carried out with the Eulerian, adaptive
mesh refinement (AMR) code MASCLET (Quilis 2004). MAS-
CLET combines a multigrid particle mesh N -Body implementa-
tion for the description of DM dynamics with high-resolution shock
capturing techniques for the evolution of the gaseous component.
The background cosmology is set by a spatially flat Λ-cold
dark matter (ΛCDM) model, assuming a Hubble parameter h ≡
H0/(100 km s
−1 Mpc−1) = 0.678 and an energetic content given
by the density parameters Ωm = 0.31, ΩΛ ≡ Λ/3H20 = 0.69,
Ωb = 0.048. A spectral index ns = 0.96 and a normalisation
σ8 = 0.82 characterise the spectrum of the primordial density fluc-
tuations. These parameters are consistent with the latest results by
Planck Collaboration et al. (2018).
The simulation domain corresponds to a cubic box of comov-
ing side length 40 Mpc, which is discretised in a coarse grid with
1283 cells, thus providing a harsh resolution of ∼ 310 kpc at the
base level (` = 0). The initial conditions are set up at z = 100
using a CDM transfer function (Eisenstein & Hu 1998), with a con-
strained realisation aimed to produce a massive cluster in the center
of the computational domain (Hoffman & Ribak 1991). A tentative,
low-resolution run from the initial conditions until present time is
first performed in order to pick the initially refined regions at the
AMR levels ` = 1, 2 and 3, that will get their DM mass distribu-
tion sampled by particles 8, 64 and 512 times lighter than the ones
used in the base level.
During the evolution of cosmic inhomogeneities, different re-
gions can get refined under a criterion based on the local gaseous
and DM densities. The ratio between cells’ side lengths at two con-
secutive AMR levels is set to ∆x`/∆x`+1 = 2. Up to n` = 9
refinement levels are allowed in this run, yielding a best spatial co-
moving resolution of ∼ 610 pc. The lightest DM particles have a
mass of∼ 2×106M. This provides a peak mass resolution equiv-
alent to having the domain filled with 10243 of such particles.
Our simulation accounts for several cooling processes, such as
atomic and molecular cooling for primordial gases, inverse Comp-
ton and free-free cooling. Heating by a UV background of radia-
tion is also included, according to the prescriptions of Haardt &
Madau (1996). The abundances are computed under the assump-
tion of the gas being optically thin, in ionization equilibrium, but
not in thermal equilibrium (Katz et al. 1996; Theuns et al. 1998).
Tabulated, metallicity-dependent cooling rates from Sutherland &
Dopita (1993) are employed, with the cooling curves truncated be-
low a temperature threshold of 104 K.
Star formation is parametrised following the ideas of Yepes
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et al. (1997) and Springel & Hernquist (2003). For more details on
the particular implementation in this simulation, we refer the inter-
ested reader to Quilis et al. (2017). Massive stars produce type-II
supernova (SN) feedback. Feedback mechanisms from type-Ia SN
or active galactic nuclei (AGN) are not present in this run. Never-
theless, even though the lack of a central source of energetic feed-
back (as AGN) could bias the thermal distributions in the inner re-
gions of clusters (see, e.g., Planelles et al. 2014; Rasia et al. 2015),
it is not expected to have a noticeable impact on their outskirts,
which are the focus of this work.
2.2 Structure identification and cluster sample
In order to identify galaxy clusters in our simulation, we have made
use of the dark matter halo finder ASOHF (Planelles & Quilis
2010; Knebe et al. 2011). ASOHF is a spherical overdensity halo
finder especially designed to take advantage of the AMR structure
of MASCLET outputs. Using ASOHF, we identify a total of 8
DM haloes with virial masses MDM > 1013M by z = 0. Two
of these haloes have been discarded, as they lie close to the do-
main boundary and are not faithfully resolved. The remaining six
DM haloes and their baryonic counterparts constitute our cluster
sample. Two of them have masses above 1014M and can be fully
regarded as galaxy clusters. The rest correspond to low-mass clus-
ters or groups. Their main properties at z = 0 are summarised in
Table 1.
In addition to a list of objects for each temporal snapshot,
ASOHF also provides, given a halo at some code output, a com-
plete list of its progenitor haloes (i.e., the haloes at the previous
code output which have DM particles in common with it). We refer
to this information as the full merger tree of a halo. In order to quan-
tify the accretion phenomena, the reduced merger tree, containing
only the main progenitor of each halo, needs to be built from the
previous information.
Amongst all the progenitor haloes, the main progenitor has
been picked as the one which contributes the most to the descendant
halo mass (i.e., the one which gives the most mass). This strategy is
also followed in, e.g., Tormen et al. (2004). Additionally, we have
tested other options described in the literature, like tracing the most
bound particles back in time (e.g., Planelles & Quilis 2010). These
alternative definitions yield remarkably similar results, pointing out
the robustness of the reconstructed reduced merger trees.
We follow the objects back in time from z = 0 up to z = 1.5,
for a total of 41 snapshots. No resimulations have been performed.
3 ACCRETION RATES AND THEIR RELATION TO
MERGERS AND CLUSTERS’ ENVIRONMENTS
Through this section, we cover several topics related to the deter-
mination of instantaneous accretion rates (Sec. 3.1), their relation
to clusters’ environments and merging histories (Sec. 3.2) and the
impact of accretion on the evolution of the density profiles (Sec.
3.3). In Sec. 3.4 we look at the accretion phenomena from a more
dynamically-motivated perspective, by studying the radial velocity
profiles.
3.1 Determination of the mass accretion rates
For each of the DM haloes described in Sec. 2.2, we determine
their boundaries and enclosed masses according to the usual spher-
ical overdensity definition (Lacey & Cole 1994) with respect to the
background matter density:
MDM(< R∆m) =
4pi
3
R3∆m∆mρB (1)
with ρB(z) = Ωm(z)ρc(z) and ρc(z) = 3H(z)
2
8piG
. Along this
manuscript we focus on ∆m = 200, as well as on the virial ra-
dius,Rvir, defined as the radius enclosing an overdensity (Bryan &
Norman 1998):
∆vir,m =
18pi2 + 82x− 39x2
Ωm
(2)
being x ≡ Ωm(z) − 1 and Ωm(z) = Ωm(1+z)
3
Ωm(1+z)3+ΩΛ
. The com-
putation of the stellar, gaseous and DM masses for each snapshot
constitutes the MAH of the different material components of the
cluster.
Aiming to quantify the strength of accretion onto the objects
in our sample, we define the mass accretion rate as the logarithmic
slope of theM(a) curve, where a is the scale factor of the Universe:
Γ∆(a) =
d logM∆
d log a
(3)
This definition is more extended in theoretical works (e.g., Ad-
hikari et al. 2014), while most numerical studies opt for replacing
the derivative by a quotient difference over a fixed, wide interval
[a1, a0], in order to avoid the contaminating effects of the intrin-
sically noisy nature of the MAH of clusters (Diemer & Kravtsov
2014; More et al. 2015; Mansfield et al. 2017; Chen et al. 2019).
In these cases, the resulting MAR oughts to be interpreted as an
average over several Gyr in the accretion history of the cluster. We
shall denote this definition of the MAR as Γ[a1,a0]∆ .
Even though the average MAR accounts for the global im-
pact of accretion on the dynamical state of clusters (as shown in
Chen et al. 2019), it is not as suitable for analysing a number of
aspects, such as the relation of mass infall and clusters’ surround-
ings or punctual events like mergers, as the accretion rates get
overly smoothed. In order to measure the instantaneous accretion
rate through a cluster’s history while getting rid of statistical noise,
we implement the computation of the derivatives using Savitzky-
Golay filters (Savitzky & Golay 1964; Press & Teukolsky 1990),
whose parameters have been tuned to offer a compromise between
smoothness and locality of the computed derivatives.
The definition of MAR in Eq. (3) can be applied indepen-
dently to each material component (i.e., DM and baryons3). It is
also worth mentioning, however, that this is not the only proxy for
the MAR of a cluster (see Sec. 3.4 for the comparison with an al-
ternative definition).
3.1.1 Baryonic and DM MARs
We have computed the baryonic and DM MARs of the clusters in
our sample from z = 1.5 to z = 0, with respect to the masses mea-
sured within R200m. A selection of them is presented in Figure 1,
3 Baryons account for both, gas and stars. As the total gas mass is not
conserved due to star formation, the MAR of gas would be biased low. This
effect may be almost negligible in massive clusters, but definitely noticeable
in low-mass clusters and groups, where stellar fractions tend to be higher
(e.g., Planelles et al. 2013).
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Table 1. Summary of the main properties of the selected clusters at z = 0. x, y and z refer to the DM center of mass comoving coordinates. The massesMDM
and Mgas are measured inside the virial radius, Rvir, defined according to Eqs. (1) and (2). Temperatures and entropies are computed inside Rvir, assuming
hydrostatic equilibrium (equations 59 and 64 in Voit 2005) and taking a mean molecular weight µ = 0.6.
cluster x y z Rvir MDM Mgas kBTvir Ke,vir
(Mpc) (Mpc) (Mpc) (Mpc) (1013M) (1013M) (keV) (keV cm2)
CL01 0.1 0.0 0.1 1.99 42.9 4.56 3.27 1230
CL02 -3.2 4.9 -14.9 1.26 10.9 1.33 1.34 520
CL03 17.0 -3.0 9.4 0.96 4.8 0.66 0.77 290
CL04 10.7 -2.5 2.0 0.95 4.6 0.44 0.74 279
CL06 -14.6 -1.0 -11.0 0.71 1.9 0.22 0.43 161
CL08 -15.0 -4.6 1.9 0.61 1.2 0.12 0.41 117
where the colour scale keeps track of the total mass. In these plots,
the derivatives have been computed using fourth-order Savitzky-
Golay filters with window length of 17 points.
The graphs show similar qualitative behaviour for the DM and
baryonic MARs, reflecting the fact that gas traces DM to a first
approximation. However, the most prominent peaks are typically
more pronounced for the dark component than for their baryonic
counterparts, implying that gas is generally accreting at a slower
pace when compared to DM. This trend has already been pointed
out by other studies (see, e.g., Lau et al. 2015, where a similar con-
clusion is drawn from studying the radial velocity profiles of both
components). As opposed to collisionless DM, collisional gas is
supported by pressure and experiences ram pressure from the ICM
(Tormen et al. 2004; Cen et al. 2014; Quilis et al. 2017), shocks,
etc. which contribute to slow down the infall.
A clear distinction is displayed between massive (CL01 and
CL03) and low-mass (CL06 and CL08) objects. Massive clusters
often present pronounced peaks in their MAR curves, typically as-
sociated to major mergers, which are still frequent as clusters con-
tinue growing and collapsing by z ∼ 0. We analyse in further depth
the relation between mergers and accretion rates in Sec. 3.2. Less
massive clusters show flatter curves, pointing out that either they
do not undergo merger events as significant as their massive homo-
logues, or they also experience important mass losses during these
events, as a consequence of their shallower potential wells. The lat-
ter idea is supported by the fact that the differences between bary-
onic and dark components are more remarkable in these systems.
Clusters and groups with total mass . 5 × 1013M do not seem
to dominate as efficiently their neighbourhoods, and are therefore
harassed by other systems.
3.2 Effects of mergers and surrounding densities on the
MARs
3.2.1 Identification and classification of mergers
We define mergers as events where two cluster-sized haloes (and
their respective baryonic counterparts) encounter and share a sig-
nificant amount of mass (e.g., Planelles & Quilis 2009). The merger
tree of a massive halo can contain many progenitor haloes, most of
which either are low-mass infalling substructures or contribute very
little to the mass of the descendant halo. In order to identify halo
mergers, we have imposed the following conditions:
(i) The distance between the centers of mass of the two progen-
itor candidates, i and j, is less than the sum of their virial radii, i.e.,
their spheres of radius Rvir intersect:
dij 6 Rvir,i +Rvir,j (4)
(ii) Each of the progenitor haloes gives, at least, 1% of its (DM)
mass to the descendant halo.
(iii) Each of the progenitor halo masses is greater than 1/10 of
the descendant mass. Mergers with haloes of smaller mass are re-
garded as smooth accretion.
These conditions are conceptually similar to those of Chen
et al. (2019), who nevertheless use more stringent values (R500c
instead of Rvir and 10% of shared mass between progenitor and
descendant halo) in order to assess the merging times. We use the
the presence/absence of mergers and the maximum mass ratio be-
tween the progenitors to distinguish three accretion regimes in the
assembly history of a cluster, according to the following classifica-
tion:
• Major mergers: involve two haloes of comparable mass and
are relatively unfrequent. They typically have an important impact
on the structure of haloes. We take a mass ratio of 1 : 3 as the
threshold for these events (Planelles & Quilis 2009; Chen et al.
2019).
• Minor mergers: produce less significant disturbance on the ob-
jects, but are generally more frequent. Their mass lower threshold
is slightly more arbitrary and varies through the literature. We use
a ratio of 1 : 10 as the threshold for minor mergers, as in Planelles
& Quilis (2009).
• Smooth accretion: systems which experience no mergers
above the 1 : 10 mass ratio threshold are considered to undergo
smooth accretion.
In our sample, clusters CL01, CL02 and CL03 exhibit peri-
ods of major and minor merging activity. CL06 does not experi-
ence any major mergers, but only minor ones. Last, no mergers
have been identified in CL04 and CL08 and they are therefore
smoothly accreting clusters throughout the considered redshift in-
terval, 1.5 > z > 0.
3.2.2 Surrounding densities
A significant part of the accreted mass in major mergers can end
up lying outside the R∆ boundary of the final halo and, hence,
the corresponding spherical overdensity masses are not additive in
such events (Kravtsov & Borgani 2012; More et al. 2015). In order
to study how matter is deposited in the outskirts of galaxy clus-
ters, and how this effect shapes the MAR curves, we quantify the
densities in the surroundings of each cluster and its evolution with
cosmic time in four non-overlapping, equally spaced radial bins,
covering the region 1 6 R/R200m 6 3.
The results of the joint analyses of MARs, accretion regimes
and surrounding densities are shown in Figure 2, for clusters CL01
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Figure 1. MARs of four of the clusters in the sample, for DM (left panel) and for baryons (right panel). The MARs have been computed using a fourth order
Savitzky-Golay filter with window length of 17 points (the MAR curves have been previously resampled with 100 points by linear interpolation, in order to
have uniform spacing in the independent variable, log a). Colours encode the total mass (baryons + DM). The shape of the dots refers to each of the clusters
according to the legend. The colourbar and the legend in the right panel apply to both plots.
and CL06, as paradigmatic cases of a massive cluster which under-
goes numerous major and minor mergers and a low-mass cluster
which only suffers minor mergers, respectively. Both panels show
the total (solid lines) and baryonic (dashed lines) MARs, the accre-
tion regimes (background colour of the plot) and the surrounding
densities (lower panels).
In the case of CL01, the differences in the MAR of DM and
baryons are small in magnitude. Peaks in the MAR are undoubtedly
associated to (major) merger events, as in the case of the displayed
peaks around z ∼ 1.4 and z ∼ 0.8. It is also interesting to note
how high MARs are mantained for a long time after the merger
has taken place (particularly salient is the case of the merger at
z ∼ 0.8), as matter deposited outside R200m continues feeding the
cluster –in a more quiescent way– for several Gyr. In this respect,
the lower panel shows how densities in the 1 6 R/R200m 6 1.5
region keep above 10ρB until z ∼ 0.5.
Comparing the surrounding total and baryonic densities, the
latter appears to evolve in a much smoother way than the former.
At outer radii, R & 2R200m, baryon surrounding densities (when
normalised to the cosmic baryon fraction) tend to be higher than
total densities. This reinforces the idea that gas, due to its pressure
support, is deposited at larger radii than DM, which can more easily
penetrate to inner regions. We find these general trends to be com-
mon for all the massive clusters in our sample which suffer major
mergers.
On the other hand, CL06 exhibits significant differences in the
behaviour of baryonic and total masses. The total MAR experiences
peaks in correlation to the minor merger events. The baryonic com-
ponent roughly follows these peaks, although their magnitude can
differ significantly. There are also severe declines in the baryonic
mass (Γ200m < 0), which reflect the inability of low-mass systems
and groups to keep their gas insideR200m. This gas is typically ex-
pelled to larger clustercentric radii (as seen in the lower panel) and
only slowly reaccreted afterwards.
3.2.3 Correlation and time shift between surrounding densities
and accretion rates
As seen in the left panel of Fig. 2, the density in the immediate
neighbourhood of the cluster shows remarkable resemblance to the
behaviour of the MAR, although a time shift between both curves is
evident. In order to have an estimation of this shift, we compute the
Spearman’s rank correlation coefficient4, ρsp, of ρsurrounding(t) in
the first radial bin with Γ(t + τ), and find the τ which maximises
ρsp. Below, we summarise the results of such analysis:
• For cluster CL01, when total masses are considered, an opti-
mal shift of 900 Myr provides a rank correlation of ρsp = 0.803.
Restricting to the baryonic component enhances this correlation to
ρsp = 0.895, while increasing the time shift to 1.1 Gyr, as pres-
sure effects slow down gas infall. These times are consistent with
the shell crossing time of the fastest DM particles. A similar trend
is shown by cluster CL03, although in this case the correlations are
slightly weaker (ρsp = 0.744 and ρsp = 0.691, respectively).
• CL02, a massive cluster which only experiences a major
merger at high redshift and undergoes a quiescent evolution therein,
shows weaker correlations: ρsp = 0.623 and ρsp = 0.572, respec-
tively.
• Less massive objects do not display significant correlations
between these variables, as a result of their limited ability to capture
matter (especially, gas). Indeed, in the lower panel of Fig. 2 a much
flatter evolution of the surrounding densities is clearly noticeable.
3.3 Impact of accretion on radial density profiles
In this section, we analyse how mergers and strong accretion rates
impact the inner distribution of the different material components
in clusters by computing the comoving density profiles of DM, gas
4 The Spearman’s rank correlation coefficient, ρsp, assesses the mono-
tonicity of the relation between two variables (without the need to assume
linearity). ρsp is valued in [−1, 1], with higher absolute values implying
a more monotonic relation and positive (negative) values corresponding to
increasing (decreasing) relations.
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Figure 2. Relation between the MARs, accretion regimes (ongoing merger events) and densities in the surroundings of the cluster, for clusters CL01 (left)
and CL06 (right). In each panel, the upper plot shows the MARs for the total mass (solid line) and baryonic mass (dashed line). The lower panel displays the
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density, has been normalised to the cosmic baryon fraction (i.e., it has been multiplied by Ωm/Ωb). The legend in the left panel applies to both plots.
and stars. We graphically present these profiles for objects CL01,
CL02 and CL06 as a function of redshift in Figure 3.
Note how the virial radii of CL02 (which only undergoes a ma-
jor merger at z ∼ 1.4) and CL06 (which only suffers minor merg-
ers) are roughly constant, while CL01 (undergoing several major
mergers) displays an important growth of this boundary.
Relating to this, the inner regions of dark matter comoving
density profiles are mostly constant in time for CL02 and CL06,
suggesting that these structures are already collapsed by z ∼ 1 and
the innermost radii (r . R2500m) do not get disturbed by minor
mergers and smooth accretion. This result is consistent with More
et al. (2015), who find that the mass inside 4rs (being rs the scale
radius of the NFW, Navarro et al. 1997, profile) evolves relatively
slowly for z . 1−2. Conversely, CL01 does experience important
disturbances in its DM profile, especially around z ∼ 0.8. The en-
hanced MAR during 1.1 & z & 0.7, associated to a major merger
event (see Fig. 2), appears to substantially increase the central den-
sity.
Gas density profiles are clumpier than DM ones and are af-
fected by miscentering issues (specially in the case of CL06). The
centers of the gaseous and dark components do not necessarily co-
incide (see, e.g., Forero-Romero et al. 2010; Cui et al. 2016), espe-
cially when there is ongoing merging activity (i.e. departures from
dynamical equilibrium). Lines of decreasing radii with decreasing
redshift reflect the infalling orbits of massive structures being ac-
creted, mainly in galaxy cluster mergers. These streams of matter
are better recognised in the stellar component, as the stellar mass is
more concentrated towards the center of the infalling cluster and
leaves a sharper imprint on the density profile. The redshifts at
which these streams cross the haloRvir boundary appear to be con-
sistent with the periods of mergers according to the classification of
Sec. 3.2.
The profiles of the gaseous component also suggest the pres-
ence of gas being deccreted or expelled outside the virial radius.
This is particularly notorious for CL02 and CL06, and hints that
dynamical interactions between clusters can extract gaseous matter
to outer radii (e.g., through gas sloshing; see for example Marke-
vitch et al. 2001; Roediger et al. 2011).
3.4 Velocity profiles. Alternative MAR definitions
The dynamics of accretion onto galaxy clusters and the differen-
tial behaviour of DM and gas can be explored from the radially-
averaged profiles of radial velocity in the cluster outskirts. In Fig-
ure 4, we present such profiles for the massive central cluster CL01,
for four evenly spaced redshifts from z = 1.5 to z = 0. The magni-
tude represented in the figure corresponds to the physical velocity,
ur ≡ vr + H(z)r/(1 + z), where r and vr are, respectively, the
comoving clustercentric radial coordinate and the peculiar veloc-
ity. This quantity has been normalised to the circular velocity at
R200m, Vcirc,200m =
√
GM200m/R200m.
The interior of the cluster (r . 0.8R200m) does not present
particularly strong inflows nor outflows, as these regions are al-
ready collapsed and relatively stable. Accretion flows are dominant
in the cluster outskirts (r & R200m), where radial velocities drop
sharply and reach a minimum located around 1.5 . r/R200m . 2.
The position of the velocity minimum with respect to R200m does
not show a clear redshift evolution in the case of CL01, in consis-
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Figure 3. The panels show the evolution of the comoving density profiles of the different material components for three clusters, from z ' 1.5 to z = 0.
The profiles have been taken with 100 logarithmically spaced bins, from 100 kpc to 4 Mpc, and taking center at the potential minima. Densities are always
normalised to the background matter density of the Universe and the colour scale is logarithmic. Radial coordinates are comoving. From top to bottom, panels
show DM, gas and stellar densities. From left to right, these quantities are presented for CL01, CL02 and CL06. The colour scale in the left plot of each row
applies for all plots in the row. The green line in each panel marks the virial radius.
tency with the general behaviour pointed out by Lau et al. (2015).
At large radii, radial velocities increase, as the Hubble flow term
begins to dominate the dynamics of both material components.
The magnitude of the velocity at the minima shows a remark-
able redshift evolution. Both, gas and DM, have larger infall veloc-
ities –when compared to the circular velocity– at earlier times and,
consequently, their MARs shown in Fig. 2 are larger. Even though
gas and DM radial velocity curves exhibit a similar pattern in the
cluster outskirts, their different magnitudes highlight that DM is
being accreted slightly faster, as it is not pressure supported and
does not feel hydrodynamical effects, such as ram pressure from
the ICM, shock heating, etc. as it falls into the cluster.
3.4.1 Comparing Γ∆ to α∆
In Lau et al. (2015), the authors suggest a different proxy for the
instantaneous MAR, defined as the radial infall velocity of DM
(vDMr ) at some radius r = Rα, in units of the circular velocity
at R∆:
α∆ =
vDMr (r = Rα)
Vcirc,∆
(5)
More negative α∆ indicates more rapid infall of matter, and
thusα∆ should be anticorrelated to Γ∆. Lau et al. (2015) report that
taking Rα = 1.25R200m maximises the anticorrelation of α200m
and Γ[a1,a0]∆ , with a1 = 0.67. Note, however, that Γ
[a1,a0]
∆ is the
averaged MAR over the last ∼ 5 Gyr.
In order to compare α∆ to the instantaneous Γ∆ MAR proxy
defined in Eq. (3), we have computed α∆ for all the clusters in our
sample and all the simulation outputs available, from z = 1.5 to
z = 0. We find that, taking Rα = R200m, the Spearman rank cor-
relation between α200m and Γ200m is ρsp = −0.832. Larger val-
ues of Rα/R200m = 1.25, 1.5 weaken this anticorrelation down
to ρsp = −0.719 and ρsp = −0.556, respectively.
In the upper panel of Figure 5, we present a scatter plot of
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Figure 4. Radially-averaged radial physical velocity profiles for the cluster
CL01 at 4 different redshifts. Solid lines represent the radial velocities of
gas, while dashed lines correspond to DM. The profiles have been taken
with 100 bins logarithmically spaced between 0.1R200m and 4R200m and
smoothed with a gaussian filter with window length of 4 points.
the two instantaneous MAR proxies, where the dots have been
coloured to identify each cluster. All snapshots, from z = 1.5 to
z = 0, are included in this comparison. A nonparametric fit with
smoothing splines is shown as the blue line. To rule out any possi-
ble dependences of the scatter in this relation with other variables,
the panels below show the distribution of residuals with respect to
the fit, ∆α200m, as a function of Γ200m, M200m and redshift z.
No significant residual dependences on M200m and z are found.
Consistently, the residuals are uncorrelated to these variables, with
rank correlation coefficients ρsp = −0.038 and ρsp = 0.099, re-
spectively. Hence, α200m and the instantaneous Γ200m(a) are con-
sistent probes of the MAR, and their relation is mostly independent
of redshift or cluster mass.
4 ANGULAR DISTRIBUTION OF THE MASS FLOWS
AND THERMODYNAMICAL PROPERTIES
This section focuses on the characterisation of the angular distribu-
tion of accreting gas. This topic has not been extensively covered in
the literature, but it is of utmost interest in order to assess the com-
plex interplay of clusters with their environments, which shapes the
accretion patterns. In Sec. 4.1 we present a simple method for esti-
mating and presenting the accretion flows. Its results are discussed
in Sec. 4.2.
4.1 Estimation of the mass fluxes through the cluster
boundary
Let us consider a cluster at redshift z, delimited by a spherical
boundary Rbdry (e.g., Rvir) around it. We quantify the mass flows
by computing an estimated flux from the peculiar velocity and den-
sity fields as described in the following paragraphs.
We assume each gas cell, with density contrast δcell and phys-
ical volume ∆Vcell, as a particle located at its geometrical center,
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Figure 5. Relation between the instantaneous MAR proxies Γ200m (used
in this work) and α200m (Lau et al. 2015), combining all the snapshots in
1.5 > z > 0. The upper panel contains the scatter plot of both variables
and a nonparametric fit using smoothing splines. The residuals of this fit,
∆α200m are used in the lower panels to rule out redshift or mass depen-
dences in this relation, as they appear to be uncorrelated to M200m and
z.
with mass mcell = ρB(z)(1 + δcell)∆Vcell and the peculiar veloc-
ity v = adx
dt
given by the corresponding cell-averaged velocity. All
cells, regardless of the refinement level they belong to, are consid-
ered on equal footing. For each cell, let r be the radial comoving
distance to the cluster center and vr its clustercentric radial pecu-
liar velocity. With these definitions, we estimate the fluxes accross
r = Rbdry according to the following rules:
• Given a cell within the spherical boundary, r < Rbdry, we
mark it as an escaping cell if r + vr
a
∆t > Rbdry.
• A cell outside the radial boundary r > Rbdry is marked as an
entering cell if r + vr
a
∆t < Rbdry.
The time interval, ∆t, used for the estimation of the fluxes
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has to be chosen as a compromise between angular resolution (as
higher ∆t increases the number of entering and escaping cells) and
accuracy (radial flows are not necessarily maintained for arbitrarily
large ∆t). We have set ∆t to the time difference between consec-
utive snapshots (ranging from ∼ 60 Myr to ∼ 300 Myr in this
particular simulation).
Once the entering and escaping cells have been found, the an-
gular distribution of accreted gas is computed by binning the com-
plete solid angle around the cluster in the clustercentric spherical
angles, φ and cos θ (so that angular sectors at all latitudes subtend
the same solid angle). We define the spherical coordinate system
with respect to the major axis of the cluster total mass distribu-
tion. This is motivated by N -Body simulations having shown that
most of the mergers and accretion of DM occur through the fila-
ments connecting a cluster to its nearest massive neighbour (Lee
& Evrard 2007) and, consequently, major axes tend to be aligned
with such filaments (Lee et al. 2008). In order to do so, the char-
acterisation of the shape of matter distributions is discussed in Sec.
4.1.2. In our analyses for cluster CL01, we split the solid angle in
nφ × nθ = 80 × 80 bins. Increasing the number of bins beyond
this quantity does not result in any significant enhancement in the
description of the mass fluxes, as the resolution gets constrained by
the cell sizes at the r = Rbdry boundary.
For each entering (escaping) cell, we assign all its mass to the
bin corresponding to its angular position, yielding the distribution
of accreting (deccreting) matter. Their subtraction is the net mass
flowing across the r = Rbdry boundary. Finally, we compute the
mass radial flux by normalising this quantity as follows:
jM =
∆M
R2bdry∆Ω∆t
(6)
where ∆M = ∆Menters−∆Mescapes and ∆Ω = 4pinφnθ . Note that
we take, as sign convention, that jM > 0 when matter is infalling
(being accreted).
4.1.1 Validity of the method. Spatial and temporal coherence of
the radial flows.
The procedure proposed above relies on the implicit assumption
that gas velocities measured at one code output are persistent during
the time interval, ∆t, used to estimate which gas cells cross the
cluster boundary. In the following lines, we briefly argue that this
approximation is, indeed, applicable to our system, thus justifying
the validity of the method.
The basic scheme of the performed test consists on the com-
parison of the radial velocity dispersion, σr , with the radial ve-
locity, vr . For each entering cell, we compute its total and radial
velocity dispersions as the standard deviation of such quantities in
the neighbouring 5×5×5 cells. Such analysis yields the following
conclusions:
• The gas flows are eminently radial. The mean radial projection
of the velocity of the entering cells has magnitudes 0.8 . |vr|/v .
0.9 for all code outputs.
• Radial velocity dispersions are consistent, only slightly above
the isotropic value, σisor = σv√3 . For most of the snapshots,
σr
σisor
∼
1−1.1. Thus, the relative velocity dispersion in the radial direction
σr/|vr| is much smaller than in the directions tangential to the flow.
• Indeed, |vr|/σr takes mean values between 10 and 40, indi-
cating that, in the neighbourhood of a cell, radial gas flows are spa-
tially coherent.
As a result of the radial flows being spatially coherent, one
should expect the shear forces between neighbouring cells to be
small along the radial direction. Therefore, turbulence is not ex-
pected to have a severe impact on the overall distribution of radial
flows. However, this analysis does not guarantee the persistence of
the flows during an arbitrarily large ∆t. Once the spatial coher-
ence of the flows has been confirmed, these can be assumed to be
persistent between consecutive snapshots, provided that the angu-
lar distributions for consecutive snapshots are temporally coherent,
i.e., they show similar structures and temporal changes are gradual.
Note, however, that this analysis has considered the mean val-
ues of σr and vr across the whole boundary. It is still posible that
turbulence is relevant on the radial flows in small angular regions,
thus introducing spurious noise into our flux maps.
4.1.2 Characterisation of clusters’ shapes
The procedure for studying the mass flows presented above re-
quieres finding the major axis of the cluster, as we use it to define
the spherical coordinate system tied to the cluster.
A widely extended method in the literature to estimate the
shape of DM haloes (e.g., Cole & Lacey 1996; Planelles & Quilis
2010; Knebe et al. 2010, among others) relies on finding the eigen-
values and eigenvectors of the shape tensor,
S =
1
Mtot
ˆ
V
ρ(r)r⊗ rdV, (7)
where the integration extends to the spherical overdensity bound-
ary definition and Mtot =
´
V ρ(r)dV is the enclosed mass. Even
though this approach produces sensible estimates, it might be con-
tradictory that a spherical integration volume is used to charac-
terise the shape of a triaxial object. A more robust method uses
an iterative procedure aimed to adapt the integration volume to the
–initially unknown– shape of the mass distribution (Zemp et al.
2011). We have implemented a method partially based on the one
described in the aforementioned reference, which better suites our
purposes. The main steps can be summarised as follows:
(i) The first iteration uses an sphere of radius Rbdry as the in-
tegration volume. Let us call {vˆ1, vˆ2, vˆ3} the orthonormal set of
eigenvectors of S, where their corresponding eigenvalues are such
that λ1 < λ2 < λ3. That is to say, the third vector points in the
direction of the tentative major axis.
(ii) These values are used to define the new integration volume,
which is given by the ellipsoid
(vˆ1 · r)2
a21
+
(vˆ2 · r)2
a22
+
(vˆ3 · r)2
a23
6 1, (8)
where ai is the semiaxis length corresponding to vˆi. The semiaxes
are rescaled so that their squares are proportional to the correspond-
ing shape tensor eigenvalues. However, this premise does not fix the
magnitude of the semiaxes (only their quotients) and, therefore, a
choice regarding the normalisation has to be made.
In Zemp et al. (2011), the new semiaxes lengths are defined so
that the major semiaxis is preserved. This election is motivated by
their aim of measuring the shape at different distances, which they
label by the major semiaxis length. However, this method shrinks
the volume along the direction of the minor and intermediate axis
and, therefore, dramatically increases the enclosed overdensity.
With the aim of describing the overall shape of the cluster with-
out changing significantly the enclosed overdensity, in this work
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we have chosen to preserve the enclosed volume. Let ri ≡
√
λi
λ3
,
for i = 1, 2. Then, it is easy to check that volume is preserved by
rescaling the axes so that:
a1 =
3
√
r21
r2
Rbdry, a2 =
3
√
r22
r1
Rbdry, a3 =
1
3
√
r1r2
Rbdry
(9)
(iii) S is estimated in the new volume, yielding a new set of
eigenvectors and eigenvalues. Then, step (ii) can be repeated with
these new values. This iterating scheme is repeated until conver-
gence.
As in Zemp et al. (2011), convergence is assessed by the
change in the semiaxes ratios, r1 and r2, in two consecutive it-
erations. We stop the iterative scheme when the relative change in
these magnitudes is smaller than 10−3.
This process is first done for the latest code output, thus char-
acterising the shape of mass distributions at z = 0. In order to
trace the principal axes to higher redshifts, the same procedure is
repeated on each code output. However, after the principal axes
have been determined, it could happen that the eigenvalues have
changed their order. In order to prevent sudden rotations of the
axes, the principal axes on a given snapshot, vˆi, are matched to
the ones in the previous snapshot, vˆ′j(i), by pairing up the vectors
so that
∑
i |vˆi · vˆ′j(i)| is maximised, i.e., by performing the smallest
possible rotation.
4.2 Angular distribution of the mass flows in the principal
axes system
As a result of applying the method described in Sec. 4.1 to cluster
CL01, Figure 6 presents the angular distribution of the mass flows
at two characteristic moments in the evolution of this object. The
left panel shows the angular distribution of accreting and deccret-
ing gas at z ' 0.81, right after a major merger (see Fig. 2), while
the baryon accretion rate is still high. The right panel presents the
same information for a quiescent stage in the evolution of the clus-
ter, while Γbaryonsvir ≈ 0. Besides the flux maps, the adjacent plots
show the polar and azimuthal marginal distributions of accreting
(blue line) and deccreting (orange line) gas. In order to produce
these plots, one needs to represent positive (entering matter) and
negative (escaping matter) values which span a broad range of or-
ders of magnitude. To do so, we have implemented a symmetric
logarithmic scale (see Appendix A).
The marginal cos θ distribution of both panels reveals that gas
accretion fluxes are maximum in the polar regions (defined with
respect to the major axis), corresponding to the gas infalling along
the cosmic filaments (Lee & Evrard 2007; Lee et al. 2008). Indeed,
the regions limited by |cos θ| > 0.875 (which correspond to 1/8
of the total solid angle) account for 60% and 54% of the total gas
mass inflow, for the snapshots shown in the left and right panels of
Fig. 6, respectively.
Outside the polar region, gas accretes in a much smoother
manner. However, far from being isotropic, the flows present in-
tricate structures. At z ' 0.81, during the high-accretion regime,
mass inflows dominate almost everywhere, but some structures
stretched along the θ direction stand out. At z ' 0.35, the bary-
onic component has a net MAR of Γbaryonsvir ' −0.5, which could
be tempting to interpret as the absence of strong mass flows. How-
ever, the right panel in Fig. 6 shows that this interpretation is not a
good descriptor of the physical scenario. The low absolute value of
Γ emerges as a result of a rather complex counterbalance between
strong inflows and outflows. Once again, stretched structures of ac-
cretion and deccretion at nearly constant φ are present. Accretion
continues dominating in the polar region, while loss of gas is preva-
lent elsewhere.
4.2.1 Multipolar expansion of the mass fluxes
The plots in Fig. 6 depict a complex pattern of gas inflows and
outflows. In order to extract quantitative information from these
accretion patterns, we develop the mass flux through the r = Rbdry
boundary in the basis of real spherical harmonics,
jM (θ, φ) =
∞∑
l=0
l∑
m=−l
clmYlm(θ, φ), (10)
where clm =
‚
dΩYlm(θ, φ)jM (θ, φ) ∈ R (see Appendix B).
However, the discrete sampling of the mass flux in nφ × nθ bins
constrains the maximum degree, l, that can be faithfully recon-
structed. As the spherical harmonics of degree l represent varia-
tions on angular scales pi/l rad, the sum over l shall be limited to
lmax ≡ min(nφ/2, nθ), i.e., the Nyquist frequency of the grid5.
In our case, having nφ × nθ = 80× 80, the multipolar expansion
ought to be cut at lmax = 40.
Figure 7 shows how higher degree components capture the de-
tails of the accretion pattern on increasingly smaller angular scales,
using the accretion fluxes in the left panel of Fig. 6 as an exam-
ple. From left to right, columns present the reconstructed fluxes
in their upper panel, computed by cutting the series at lmax =
4, 8, 16 and 32. The lower panel corresponds to the residuals with
respect to the real flux. Even though low order degree spherical
harmonics represent the dominant contributions, as it will be seen
below, higher degrees need to be reached in order for the recon-
structed flux to resemble the real one. We quantify the goodness
of the fit by computing the rms relative difference between the real
and the reconstructed flux. This quantity steadily decreases with
increasing lmax up to lmax ∼ 25, where it stalls as the high-order
multipoles involved vary in angular scales comparable to our sam-
pling of the flux.
4.2.2 Power spectrum of the angular distribution of accretion
fluxes
In order to extract the contribution of the different angular scales
to the accretion flux, we define the power spectrum of the angular
distribution of mass flows as the average of the square of the clm
coefficients for a given l:
P (l) =
1
2l + 1
l∑
m=−l
c2lm (11)
This quantity encodes the magnitude of the contribution of
components varying on angular scales ∼ 180o/l to the flux. The
left panel in Figure 8 exemplifies this by showing this quantity com-
puted for the same mass flux map in the left panel of Fig. 6.
The overall behaviour of the power spectrum, decreasing with
l, reveals that the components corresponding to fluctuations on
5 This condition simply corresponds to requiring that the function is sam-
pled twice per period.
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Figure 6. Angular distribution of mass flows through the r = Rvir surface of cluster CL01 at z ' 0.81 (during a major merger; left panel) and at z ' 0.35
(in the smooth accretion regime; right panel). The colour scale encodes the mass flux density in symmetric logarithmic scale (orange tones indicate escaping
gas, while blue tones indicate gas being accreted). The upper histogram shows the marginal azimuthal distribution of the entering (blue) and escaping (orange)
fluxes,
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Figure 7. Reconstruction of the mass flux (corresponding to the left panel of Fig. 6) with increasingly higher degree spherical harmonic components: from left
to right, lmax = 4, 8, 16, 32. The upper panels present the flux reconstructed by adding all the terms in the multipolar expansion up to l = lmax. The lower
panels show the residuals of this expansion, i.e., the subtraction of the reconstructed flux from the real flux. The colour scale of all panels has been kept the
same as in the left panel of Fig. 6.
large angular scales (i.e., low l; especially l = 0, 2 and 4) are dom-
inant, while the small scale components only provide small correc-
tions. Consequently, the overall accretion and deccretion patterns
can be described, to a great extent, by looking at these simpler,
main contributions. Interestingly, the power spectrum shows a clear
odd-even effect: even l components are systematically larger than
odd l components, implying that parity-even modes are responsi-
ble for the bulk of the gas flows through the Rvir boundary at this
particular code output. Note, however, that although this effect is
sustained in time and can be easily understood for the lower degree
components (l = 0 and 2, which are further discussed below), the
same is not true for higher degree components, where this effect is
not so clear through all iterations.
On the right panel of Fig. 8, the magnitudes of the clm co-
efficients (for the same system and code output) are represented,
offering complementary information to the power spectrum (which
only gives the average over the orientations of the different multi-
poles, m, for a given l). In the figure, the horizontal axis encodes
the degree, l, while the colour scale is used to indicate the order,
m, of the real spherical harmonic. In this particular case, three
m = 0 components completely dominate the mass flux: namely,
l = 0, 2, and 4. Their relative weights undergo significant evolu-
tion during the redshift interval of this study, 1.5 6 z 6 0. Let us
further describe the lowest order components:
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Figure 8. The left panel presents the power spectrum of the mass flows, P (l), normalised to the value corresponding to the monopolar order, P (l = 0). The
right panel contains the absolute value of the individual clm coefficients, as a function of the multipolar degree l. The spherical harmonic order,m, is encoded
in the colour scale as |m|/l, with the sign given by the shape in the legend. Both representations have been computed for the accretion fluxes of CL01 at
z ' 0.81 through Rvir, corresponding to the accretion map on the left panel of Fig. 6.
The monopolar, isotropic, or smooth component (l = 0).
This spherically symmetric contribution represents the average
isotropic mass flux across the r = Rbdry boundary and, hence,
can be interpreted as a MAR estimate. In Sec. 4.2.3, we explore the
possibility of using it as a MAR proxy and compare it to Γ200m.
The dipolar components (l = 1), or headwind. These mul-
tipoles, which account for an excess of accretion flows on a hemi-
sphere and a defect in the antipodal one, can be visualised as the
resulting mass flow pattern of an object moving through a dense
medium. Although we do not explore it in this manuscript, its us-
age appears to be promising in the exploration of phenomena like
ram pressure stripping (Quilis et al. 2000, 2017).
The aligned quadrupole or filamentary component (l = 2,
m = 0). This component represents a strong mass inflow through
the poles (i.e., through the directions of the major axis) and an out-
flow near the equatorial regions. Thus, it is the natural candidate
to account for the contribution of the mass flux through the cosmic
filaments that connect a cluster with a near, massive neighbour.
4.2.3 The monopolar component as a MAR estimate
As already introduced, the monopolar coefficient, c00, is a measure-
ment of the angularly-averaged mass flux, and can thus be used in
order to quantify the MAR of a cluster. In order to check to which
extent does c00 agree with other MAR estimates, Figure 9 presents
the analyses of the correlation and the residual dependences be-
tween c00 and Γ200m, in the same way we have done for α200m in
Sec. 3.4. Note, however, that c00 is a measure of the isotropic mass
flux, while Γvir quantifies the logarithmic increase in the enclosed
mass. In order to provide a comparison where no residual depen-
dences with the mass or redshift are expected, the vertical axes in
Fig. 9 show R
2
vir
Mg,virH(z)
× c00, instead of just c00. This normalisa-
tion can be understood from the following reasoning:
The mass accretion rate, M˙ ≡ dM
dt
, can be got from the
mass flux by integrating it over the surface of a sphere of radius
Rbdry. Since all the non-monopolar spherical harmonics average to
zero, introducing the multipolar expansion of jM (θ, φ), Eq. (10),
into the surface integral allows to write the mass accretion rate as
M˙ =
√
4piR2c00. The same quantity can be obtained from Γ∆,
as M˙ ≡ dM
dt
= dM
d logM
d logM
d log a
d log a
dt
= MΓH(z). Therefore,
R2c00 scales as MΓH(z), justifying our choice to compare Γgasvir
with R
2
vir
Mg,virH(z)
× c00. Note that, additionally, this normalisation
cancels out the dimensions of c00.
The upper panel in Fig. 9 shows that, even though there is
considerable scatter, these two MAR proxies are tightly correlated
(ρsp = 0.884). With this sample, the relation appears to stall at
high values of Γgasvir . However, the reduced number of observations
in this high-accretion regime prevents us to draw any robust con-
clusion to this respect. The lower panels present the distribution of
residuals with respect to the independent variable, Γgasvir , mass and
redshift. The residuals appear to be uncorrelated to redshift, sug-
gesting that the normalisation applied to c00 cancels the redshift
evolution of the Γ−c00 relation. Likewise, the residual dependence
with the mass, if any, is weak (ρsp = 0.248).
4.2.4 Relative weight of the smooth and the filamentary
contributions
Aiming to assess the relative weight of the filamentary (aligned
quadrupolar) and isotropic (monopolar) contributions, we define
the following parameter:
β ≡ c20|c00|+ |c20| (12)
Note that β is valued in the interval [−1, 1]. Positive values
imply that the aligned quadrupole contributes to increase the gas
mass flux in the regions close to the major semiaxis, corresponding
to the gas infalling through the cosmic filaments, while the unlikely
scenario in which β < 0 would correspond to a decreased gas mass
flux through these regions. If these two components have compa-
rable weights, |c20| ∼ |c00|, then |β| ∼ 1/2. Likewise, |β| ∼ 1
(β ∼ 0) indicates that the filamentary (smooth) component is the
dominant contribution.
As an example, Figure 10 presents the evolution of this quan-
tity for the cluster CL01. The value of β fluctuates around the value
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Figure 9. Relation between the instantaneous MAR proxies Γ200m and
c00, combining all the snapshots in 1.5 > z > 0. The latter has been
normalised to cancel the expected dependences on redshift and mass. The
upper panel contains the scatter plot of both variables and a nonparamet-
ric fit using smoothing splines (blue line). The residuals of this fit, ∆, are
used in the lower panels to assess whether there is still a redshift or mass
dependence in this relation.
of β = 1/2, which separates the filamentary-dominated or smooth-
dominated accretion regimes. These values of β do not seem to cor-
relate with the merging regimes studied in Sec. 3.2. Note, however,
that this result has been obtained for a particular cluster, and the
method should be applied to a whole sample of massive clusters in
order to draw any statistically significant conclusions.
4.3 Thermodynamical properties of the accreted gas
The method described in Sec. 4.1 can also be applied to measure
any property of the accreted and deccreted gas, such as its temper-
ature and entropy. For each of the nφ × nθ solid angle bins, its
temperature and entropy are computed as the mass-weighted aver-
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Figure 10. Evolution of the parameter β = c20|c00|+|c20| , measuring the
relative importance of the filamentary component of the gas mass inflows,
for the cluster CL01. The gray dashed line marks the value β = 1/2. The
gray and red shaded regions indicate the accretion regimes, as in Fig. 2.
age of such quantities over all the entering cells assigned to the bin.
Note, however, that the angular regions where no gas is inflowing
cannot be assigned a temperature nor entropy, resulting in ‘gaps’ in
the corresponding maps.
With the purpose of exploring the thermodynamic differences
between the gas accreted from the smooth component and from
the filamentary component, we have assigned a temperature and an
entropy to each multipolar component as
Xlm ≡
´
Ω˜
dΩX(θ, φ)Ylm(θ, φ)´
Ω˜
dΩYlm(θ, φ) (13)
where X represents either the temperature or the entropy, and the
integration domain Ω˜ is the region where Ylm(θ, φ) > 0 (and
thus the correspondent component represents infall of matter) and
X(θ, φ) is defined (i.e., at least one gas cell has been marked as
entering through the bin and therefore its temperature and entropy
can be defined).
The left and central panels in Figure 11 present, respectively,
the evolution of gas temperature and gas entropy for cluster CL01.
In all three panels in the figure, continuous lines represent the
evolution of the magnitudes for the smooth component, while the
dashed lines correspond to the component infalling through the fil-
aments.
While temperatures of the monopolar and the quadrupolar
components do not exhibit a clear distinctive behaviour, their en-
tropies do. Gas being accreted through cosmic filaments tends
to have systematically lower entropy than smoothly accreted gas,
mainly as a consequence of its higher density. These effects appear
to be larger at higher redshifts, while accretion rates are still high
for this object (see Fig. 2). The evolution of temperature or entropy
of both accreting components does not seem to display a clear re-
lation to merger regimes. However, in order to draw robust conclu-
sions from the analyses of the evolution of thermal properties of
the gas accreted smoothly and through filaments, larger samples of
massive clusters need to be analysed.
As well as gas mass flows, the method described in Sec. 4.1
can also be applied to measure the angular distribution of the DM
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Figure 11. The panels show different thermodynamical properties of the smooth or monopolar component (solid line) and the filamentary or aligned quadrupo-
lar component (dashed line) of the mass flows. From left to right, panels show the temperature, the entropy and the gas fraction of the material being accreted
to the cluster. Entropy displays the strongest differential behaviour, with the filamentary component having lower entropy. Shaded regions indicate the merging
regimes as in Fig. 2.
mass flux. The procedure is completely analogous to the one cov-
ered for the gas. From the gas and DM mass fluxes, the gas fraction
of the accreting material of a given multipolar component, (l, m),
is computed as:
(fg)lm ≡
´
Ω˜
dΩjM (θ, φ)Ylm(θ, φ)´
Ω˜
dΩ [jM (θ, φ) + jDMM (θ, φ)]Ylm(θ, φ)
. (14)
The right panel of Fig. 11 shows the gas fractions of the matter
infalling isotropically and through filaments. These fractions have
been normalised to the cosmic baryon fraction (i.e., the gray dashed
line in the plot). The gas fraction of both components fluctuates
around the cosmic fraction, being slightly lower during the merger
events (due to the collisional nature of gas). The two components
show very similar qualitative behaviour, with the gas fractions of
matter falling through the cosmic filaments slightly increased with
respect to the matter being smoothly accreted. However, these dif-
ferences are kept small and more statistics are needed in order to
draw general conclusions.
5 DISCUSSION AND CONCLUSIONS
In this paper, we have analysed the results of an AMR hydrody-
namical coupled to N -Body cosmological simulation of a small-
volume domain, containing a central, massive galaxy cluster and
several smaller systems. The main focus of this work has been
placed on the quantification of the accretion phenomena, with a
special focus on the dynamics of the gaseous component. The dy-
namical scenario depicted by the simulation is essentially domi-
nated by the infall of matter onto the central cluster, which is also
the best numerically resolved object. Consequently, most of the fo-
cus has been placed on this object, especially in Sec. 4. Neverthe-
less, less-massive systems have turned out to be useful in assessing
the differences in the MAHs of massive and less-massive clusters.
5.1 Accretion rates
Through these pages, several proxies for the MAR have been com-
pared (see Figs. 5 and 9). The most widely adopted MAR proxy in
numerical works, Γ[a1,a0]∆ (Diemer & Kravtsov 2014), is difficult
to relate to an actual observable, since it corresponds to the average
accretion rate over several Gyr for typical choices of a1. The in-
stantaneous MAR proxies α∆ (Lau et al. 2015) and Γ(a) (Eq. 3),
however, could in principle be inferred from observations, and can
moreover be determined for clusters at any redshift.
• As long as galaxies and gas bulk motions trace DM’s, α∆
could be estimated, in the optical band, from the radial velocities of
infalling galaxies in clusters’ outskirts, or from the radial velocities
of gas (from X-ray data, e.g. Sanders et al. 2020; or from kinetic
SZ observations, e.g. Adam et al. 2017; see also Simionescu et al.
2019 for a recent review on the topic). In Sec. 3.4, we have seen
that gas systematically infalls with smaller radial velocities than
DM, in consistency with Lau et al. (2015), who have computed the
averaged radial velocity profiles for a sample of clusters. However,
when looking at a specific cluster extracted from our simulation (as
we have shown in Fig. 4), we see that the pattern for a single cluster
can be fairly more complex than this average behaviour, with gas
accreting at larger velocities than DM in some regions. Thus, even
though the aforementioned behaviour generally holds, the details of
the dynamics in the outskirts of each individual cluster introduces
important uncertainties, which make unclear to which extent DM
velocities can be inferred from gas or galactic velocities in partic-
ular objects, and consequently α∆ can be faithfully measured in
observations.
• Γ(a) cannot be directly measured in observations, since it is
defined as a rate of change of the mass. However, in Sec. 3.2.3, we
have obtained a tantalising correlation between this quantity and
the densities in the 1 6 R/R200m 6 1.5 in some massive clusters,
suggesting that it might be possible to estimate Γ(a) by probing the
densities in these regions. However, more statistics are needed to
confirm this correlation and to explore the possibility to relate these
variables. When computing Γ(a) in simulations, it is worth noting
that, given that sampling the MAH of clusters introduces statistical
noise, the particular differentiation scheme can bias the results: for
instance, a gaussian smoothing of the numerical derivatives leads
to overly flattened peaks. This effect can be prevented by using
Savitzky-Golay filters.
When comparing α200m to Γtotal200m(a), we have found that
these two quantities display a relatively tight anticorrelation (see
Sec. 3.4.1). If gas velocities are used instead of dark matter ve-
locities, as suggested above, the Spearman’s rank correlation co-
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efficient drops from ρsp = −0.832 to ρsp = −0.649, i.e., gas
velocities are not always good indicators of dark matter velocities.
Last, the coefficient c00 presented in Sec. 4.2.3 is a more di-
rect measurement of the actual mass flux. We have found that,
once the redshift and mass dependences are corrected, it correlates
strongly to Γgas200m(a), although the scatter continues being large.
Even though this parameter is not easily derivable from observa-
tional data, it can serve in simulations as a reasonable estimate of
the actual gas accretion rate, which can be compared to other prox-
ies.
5.2 Angular distribution of the mass flows
In Sec. 4, we have presented a novel and general approach to study
the accretion phenomena in simulations, through the determina-
tion of the angular distribution of the mass flows through the clus-
ters’ spherical boundary. The method presented in Sec. 4.1 allows
a simple determination of this quantity by treating cells as pseudo-
Lagrangian fluid elements.
The multipolar expansion of the mass flux in the principal
axes system of the cluster has been used to extract the elementary
contributions to the mass flux. In particular, we have payed spe-
cial attention to the monopolar and the aligned quadrupolar com-
ponents, which represent the average isotropic mass flux and the
enhancement in the polar regions due to the preferential infall of
mass through the cosmic filaments. We have defined a parameter,
β, which quantifies the importance of the filamentary component
of accretion, with respect to the isotropic component. Applying
this analysis to the central, massive cluster in our simulated do-
main suggests that this geometry of accretion can vary importantly
during the accretion history of the cluster, but we have not found
any strong relation with merger events in this particular object.
This method can be extended to evaluate properties of the ac-
creted gas, such as its temperature and its entropy. In particular,
we have suggested a way to define these properties for each multi-
polar component. The most direct application of this procedure is
assessing the difference between the gas accreted isotropically and
the gas accreted through filaments. Our results point out that the
gas being accreted through the cosmic filaments has systematically
lower entropy than the isotropic component.
The analyses in this paper would importantly benefit from
larger samples of clusters, in order to enhance the statistical signif-
icance of our results and, especially, to pursue further analysis, like
relating the accretion phenomena studied in this work to the posi-
tion of the cluster with respect to the SZ and X-ray mass-observable
relations (see, e.g., Yu et al. 2015; Chen et al. 2019 for recent stud-
ies in this line). Nevertheless, despite this lack of statistics, we have
proposed some novel analyses which may offer a new insight into
the study of accretion of gas in numerical simulations of cluster
formation. With the new generation of X-ray and SZ instruments
being able to systematically observe the outskirts of a larger num-
ber of galaxy clusters in the next decade, more light will be shed
onto the physics happening in these regions.
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APPENDIX A: THE SYMMETRIC LOGARITHMIC
SCALE
When representing the mass fluxes in Sec. 4.2, or in many
other situations where data can be both positive and negative
and, at the same time, span a broad range of orders of magni-
tude, it may be useful to employ a symmetric logarithmic scale.
Even though some software packages for data visualisation (e.g.,
Python’s matplotlib, Hunter 2007) include implementations of
this scale, its usage is not quite widespread and we have considered
covering it here for the interested reader.
The basic underlying idea of our particular implementation
of the symmetric logarithmic scale relies on mapping any interval
[−xmax, xmax] to the interval [−1, 1] by performing the following
continuous transformation:
x 7→ f(x) =
{
sign(x)
[
1 + 1−a
α
log10
(
x
xmax
)]
, |x|
xmax
> 10−α
a
10−αxmax
x, |x|
xmax
6 10−α
(A1)
The parameters have been chosen in this way to provide the
clearest interpretation. xmax controls the maximum of the scale,
i.e., the value that will be mapped to 1. α represents the dynam-
ical range of the representation (the number of orders of magni-
tude represented in logarithmic scale). Absolute values above 10−α
are treated logarithmically; below this threshold, linearly. Last,
a = y
(
10−αxmax
)
represents the visual extent of the linear scale.
In order for the transformation to be differentiable, a shall be set to
a = (1 + α ln 10)−1. However, in many cases differentiability is
not necessary, and a can be chosen to better suite the representation
purposes. In the plots shown in this work we have used α = 3.5,
a = (1 + α ln 10)−1.
APPENDIX B: THE REAL SPHERICAL HARMONICS
BASIS
In Sec. 4.2, we have used the real spherical harmonics basis to study
the angular dependence of the mass accretion fluxes. As there is
not a general consensus regarding phase and normalisation con-
ventions, let us formally define these functions as they have been
used in this work.
Let Ylm(θ, φ) be the complex spherical harmonic of degree
l and order m, with unit square-integral and using the Condon-
Shortley phase convention (see, e.g., Arfken et al. 2013). These
functions can be used to expand any square-integrable complex
function defined on the unit sphere. However, for real functions,
only a half of the coefficients of such expansion are free. Thus,
it can be simplified by defining the real spherical harmonics,
Ylm(θ, φ), as:
Ylm(θ, φ) =

(−1)m√2 Im [Yl,−m(θ, φ)] , m < 0
Yl0(θ, φ), m = 0
(−1)m√2 Re [Yl,m(θ, φ)] , m > 0
(B1)
From the orthonormality properties of the Ylm functions, it is
easy to show that any real, square-integrable function defined on the
unit sphere, f(θ, φ), can be expanded in a series of real spherical
harmonics with real coefficients, as
f(θ, φ) =
∞∑
l=0
l∑
m=−l
clmYlm (B2)
with clm =
‚
dΩYlm(θ, φ)f(θ, φ).
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